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Abstract. A technique complementary to those for spectral lines is proposed for
the observation of continuum radiation. As, quantum mechanically, the radiation is
a mixture of pure states, it should be possible to measure the temporal coherence
of the states as a function of energy. We propose here experiments with just this
possibility, showing the empirical grounds on which it is based. A simple means of
measuring temporal coherence is with the extent of the interference pattern produced
in a Young’s double-slit experiment. Thus, we propose the use of such an experiment,
but with a screen of energy measuring photon detectors, small enough and sensitive
enough to delineate the interference patterns according to photon energy. We then
only register a detection if the absorbed photon is found to have the energy of
interest. In this way, we have allowed the interference, i.e., the wave aspect of the
experiment, to proceed as normal, recovering the interference pattern by accumulating
just those registered detections. We, also, explain why this form of filtering does
not actually violate the conventional wisdom that, when using an optical filter with
incident continuum radiation to separate out the photons of a particular energy, only
the temporal coherence of the filter’s passband would be measured. It naturally then
introduces the concept of a detections filter, differentiating it from an optical filter.
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optics, interferometry, remote sensing, astronomy, plasma physics
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1. Introduction
The measurement of spectral lines is an important investigative tool. From our personal
perspective in astronomy, together with photometry, they constitute the principal
observational tools, with polarimetry, perhaps, of more specialised use. For cosmology,
the measurement of the redshift, z, has been absolutely crucial. It has led to our present
understanding that we inhabit a Big Bang universe. The recent discovery that matter
is dominated by exotic dark matter is an exciting one and points towards a particle
physics beyond the standard model. A further revelation is that our Universe is, instead
of decelerating, actually accelerating. It has led to a universe in which, at the present
epoch, as much as 70% of the total energy is dark energy, which is simplest interpreted as
vacuum energy. If this is confirmed to be equivalent to Einstein’s cosmological constant,
then, under the Big Bang scenario, it is an energy density that is constant back to the
time of inflation and would, thus, be a relic of the Big Bang itself, from when the
Universe was younger than ∼ 10−32 secs.
On the other hand, in the case of one of the principal cornerstones of cosmology, the
cosmic microwave background does not have any spectral lines, possessing to remarkable
accuracy a Planck spectrum. Its redshift is then based on its observed temperature
relative to that at recombination. However, without this physical insight, it would
be difficult to establish its redshift, since when redshifted or blueshifted any thermal
radiation remains Planckian in form. There are, also, occasions when there is only one
spectral line observable, risking a misidentification. Worse, of course, is when a distant
source simply displays a continuum spectrum with no significant spectral features at all.
Now, just as the wavelength of a photon from a distant source is increased by
(1+z), so is its temporal coherence. Thus, it is interesting that, quantum mechanically,
continuum radiation is seen as a mixture of photons, more rigorously, as a mixture of
pure states. It is with this in mind that we considered that a technique for estimating
the temporal coherence of photons in continuum radiation could be similarly as useful
as that of spectral line measurements. However, since the physics is not as simple as
that for the central wavelength of a spectral line, such a novel technique may prove
more powerful for understanding the physical processes of the source and, as such, it
would also be useful in the laboratory. Indeed, for fundamental physics, it would further
promise a new empirical means of exploring the nature of continuum radiation.
Our proposal then is for an experimental technique to measure in the optical the
temporal coherence of a subset of states in the continuum radiation, a subset defined
by photon energy. Normally, to select out such a subset, an optical filter would be
used. But, in that case, there is the conventional wisdom that with incident continuum
radiation it is only possible to measure the temporal coherence of the passband of the
spectral filtering apparatus used. It would seem then that such a proposal as ours is,
unfortunately, not possible. Consequently, we devote a completely separate brief section,
Sec. 4, to addressing this conundrum.
In the main section of our paper, Sec. 2, we present the empirical basis for a slightly
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modified double-slit experiment for measuring the photon temporal coherence. This is
followed in Sec. 3 with a consideration of the experimental constraints. We have just
mentioned Sec. 4. Sec. 5 proposes an actual initial experiment, opening the way to
developing the technique for its present use in both astronomy and the laboratory.
Finally, we present in Sec. 6 some brief conclusions.
2. The experimental basis
A simple means of estimating the temporal coherence is through the extent of the
interference as seen in the pattern produced when the light is incident on a Young’s
double-slit experiment, Fig. 1. As the wave aspect of our proposal is no different from
that for a normal double-slit experiment, there is no need for a more complex treatment
than can be found in standard textbooks on the subject. In such treatments, however,
the radiation is treated completely classically, whereas here we wish to exploit our
quantum mechanical insight into continuum radiation as being a mixture of pure states.
Basic to our proposal is Dirac’s famous remark [1]: “Each photon interferes
. . . only with itself. Interference between two different photons never occurs”. It’s
a statement that we now see as not applying generally, but, happily, does apply
to experiments generic to the Young’s double-slit experiment [2, 3]. Although it is
consistent with Taylor’s early experiment with extremely feeble light [4], it has had to
wait until the recent single photon interference experiments [5–9] to be firmly established
experimentally, requiring as it does the development of sources of single isolated photons.
Of course, in our case we do not have single isolated photons incident; we could actually
have an innumerable number incident, as, for example, in the case of one source of
interest, that of the sun. But, importantly, it is these single photon interference
experiments that provide the first of the two pieces of empirical evidence underpinning
our proposal. They imply that, for experiments such as ours, we can treat each photon
separately and simply accumulate the observations photon by photon to obtain the
resulting interference pattern [9]. It’s most graphically illustrated by images such as
the ones in Jacques et al. (2005) [6], where it is shown in their Figs. 4(a)–(c) how the
individual detections do, in fact, build up to form the interference pattern.
Focusing then on an individual photon, we can describe it, physically, as a wave
packet of the electromagnetic field incident upon the detection screen, depicting in Fig. 1
an idealised photon as a wave train of wavelength, λs, and length, ls, and, so, a photon
with energy, Es = hc/λs, and a temporal coherence of
τs = ls/c. (1)
We consider then our continuum source as consisting of a mixture of such photons over a
continuous range of wavelengths. With the usual setup, the photons are detected using
a screen of small photon detectors, such as the CCDs in current use, or, as in the early
experiments, using a photographic plate as the detector screen. Thus, when a photon
reaches the screen and is absorbed, a detector is triggered and the detector’s position,
y, is registered, graphically, as a detection on the screen.
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Screen of smal, energy measuring,
 photon detectors
Figure 1. Proposed double-slit interference experiment. The figure shows a
typical setup for a Young’s double-slit experiment, however, with a modest requirement
as to the form of the detection screen. Depicted, then, is a screen made up of
small photon detectors capable of measuring the energy deposited by a photon in
the detector.
Returning to the idealised photon in Fig. 1, it then has the probability, P (y), of
triggering a detector at y, where P (y) is determined in the usual way by the form of
the wave train. Thus, if we consider incident just photons all with the same wave train,
the single photon interference experiments shows that the interference pattern formed
by accumulating these detections on the detection screen would have the form of P (y).
Consequently, we shall simply also refer to P (y) as the interference pattern. As is well
known, when the path difference of the two paths in Fig. 1 exceed the coherence length,
ls, there is no interference and P (y) = constant. Thus, by examining where the fringes
disappear in the interference pattern, the experiment provides a measure of the photon
temporal coherence, since the number, nf , of fringes in the interference pattern is simply
related to ls = cτs:
nf = 2
ls
λs
. (2)
Of course, the physics here applies generally to any incident state, including multi-
photon states, such as those produced in stimulated emission, as the important measure
here is just the path difference for which any interference is seen to disappear. But,
the idealised wave packet depicted in Fig. 1 does lend itself more easily to simple
mathematical expressions, so, serving well the pedagogical aim of this section.
Now, when continuum radiation is incident, we, of course, just obtain an
interference pattern of white light fringes and the point where the fringing disappears
for any individual wavelength is lost. However, the interference pattern for just those
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photons with energy, Es, is still present. All that it requires is to identify, among the
complete set of photon detections, just those on the detection screen for which the
absorbed photon has this particular energy of Es.
A widely held view, however, is that in such experiments the “final state of the
field is never measured” [3]. Although Glauber makes the same statement in his 1964
Les Houches lectures [2], it is qualified by a further remark that in “the detectors used
to date . . . the final states form . . . a continuum”, keeping open the possibility of future
technology changing the circumstance. In fact, he does also remark in passing on the
possible use of atoms with discrete final states, something that we shall return to in
Sec. 5. For the present, there is, indeed, vigorous ongoing activity to measure the final
state energy; it is, of course, just a calorimetric measurement of the absorption process.
It provides the second piece of experimental evidence supporting our proposal, that
the energy deposited by a photon on a CCD pixel can, in principle, be measured. In
particular, it has been demonstrated that the energy of an X-ray photon absorbed by
a CCD can be accurately measured [10]; it’s a procedure that is routinely carried out
in X-ray astronomy to obtain the X-ray spectrum of a distant source. In the optical,
there is also ongoing research into energy measuring photon detectors, such as with
superconducting tunnel junctions and similar low temperature photon detectors [11–16].
However, the challenge for our proposal is to find or develop detectors for the optical
band that can not only measure the energy of the absorbed photon, but are also small
enough to delineate with sufficient clarity the interference pattern.
So, given such photon detectors, by registering only the detections for those photons
with energy, Es, the interference pattern, P (y), formed by these detections is just that
for those states in the mixture having a photon with energy, Es. Measuring the extent of
the interference seen in the pattern provides then the desired estimate of the temporal
coherence for this subset of states. Of course, repeating the experiment for different
values of Es provides this photon temporal coherence as a function of energy.
But, clearly, all that we have done here is to put forward the case that the
experimental evidence for our proposal is, actually, already established in the results
of the single photon interference experiments. All that remains is just to implement a
means of also measuring the energy of the absorbed photon. It may also be worth
noting how the physical discussion here recalls the semi-classical treatment of the
Hanbury Brown–Twiss effect [17], in that, we treat the photon as a classical wave
for the interference part of the experiment, but then apply quantum physics for the
detection process [18]. It emphasises our quantum understanding that the phenomena
of interference is a consequence of the wave aspect of photons, with the particle aspect
governing the detection process. We need, nevertheless, to remember the quantum
mechanical nature of the initial premise behind our proposal, the insight into continuum
radiation as a mixture of pure states and in the fact that a photon only interferes with
itself, at least, for experiments such as ours.
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3. Experimental constraints
For the pedagogical aim of the previous section, we used an idealised picture of a photon.
In actuality, the important element is the state, with continuum radiation a mixture
of pure states. The observed temporal coherence would then be some average over the
states in the mixture that can give rise to a photon detection with an energy of Es.
Indeed, in representing a photon as a wave packet, we see that a photon does not even
possess a definite energy, since the Fourier transform of a finite wave packet consists
of Fourier components over a range of wavelengths and, thus, a range, albeit generally
a small range, of energies. In fact, just through the uncertainty principle, a finite
temporal coherence necessarily implies a finite energy width. Thus, there will also be
contributions from states for which the most probable energy would not be Es, although
it would generally be close. As it is rather awkward to write of a state able to excite a
photon detector through the absorption of a photon of energy, Es, we shall simply talk,
albeit rather loosely, of the state as having a photon of this energy and of the observed
temporal coherence obtained in this way as the photon temporal coherence.
Also, there can, in reality, be no exact measurement of the energy deposited by a
photon. We would certainly expect significant thermal effects for the photon detectors.
So, in reality, the observed temporal coherence is, actually, an average over the states
with photons in the energy range, Es±∆Ed, where ∆Ed is the energy resolution of the
detectors.
Clearly, for any meaningful measure of photon temporal coherence, the detector
bandwidth needs to be kept as narrow as possible, ideally, with
∆νd  ∆νs, (3)
where ∆νd = ∆Ed/h is the frequency bandwidth of the detectors and ∆νs = 1/τs,
with τs, then, an ‘average’ temporal coherence for this subset of states in the mixture
that have a photon in the energy range, Es ± ∆Ed. This is in direct contrast to the
normal use of broadband detectors, where the relation is usually the other way round
with ∆νd  ∆νs, such as, for example, with how CCDs are presently used in the
optical. Physically, the constraint of Eq. 3 is simply stating that, for a measurement of
the photon temporal coherence, the observable zone for interference needs to be clearly
greater than the actual area of interference.
4. The experiment as apparent counter-example
Basic to our proposal is the ability to separate the results due to the subset of states
with a photon with energy, Es, from the combined results due to all the states in the
mixture that is the continuum radiation. And the obvious means for doing so would
be to make use of an optical filter. Unfortunately, with optical filters, there is the
conventional wisdom, that with continuum radiation incident the measured temporal
coherence would be just that for the bandwidth of the filter, showing that our proposal
would, in that case, be unachievable. However, although our proposed energy measuring
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photon detectors are acting as an effective narrow band filter, the act of filtering in our
case is radically different from that of a normal optical filter.
In our case, the filtering is done by simply selecting from the complete set of photon
detections just those with a measured energy of Es, more rigorously, Es±∆Ed, with, as
discussed in Sec. 2, the pattern formed by their positions just the interference pattern
for this particular energy. Thus, there is no filtering of the light. Indeed, it is extremely
important that the wave aspect of the experiment is untouched, which would not be the
case for an optical filter. Thus, our experiment here is not even a counter-example to
the conventional wisdom. To emphasise this, we propose to call such a detection screen
a detections filter, differentiating it from a normal optical filter.
5. Proposal for an initial experiment
We now recognise that in restricting the photon detections to those for which the
photon’s energy has been found to be Es we have simply turned the detection screen into
one of effective two level atoms, at least, as far as the absorption process is concerned,
with Es as the energy level difference. However, basing our discussion in Sec. 2 on the
detectors used in the single photon interference experiments, such as the CCD detectors
of Jacques et al. (2005) [6], allowed us to show that the experiment we are proposing is
already embedded in their results. Unfortunately, to implement the proposal as set out
in Sec. 2 would require photon detectors that, for the moment, are only a future prospect.
But, with the insight we now have, it suggests the possible use of photon detectors with
discrete final states, something Glauber himself had alluded to [2]. Simplest, we think,
would be to use photoluminescent atoms/molecules. Actually, this also recalls the use
of a phosphor screen for a realisation of Feynman’s double-slit thought-experiment for
demonstrating the wave character of electrons [19].
The photoluminescent particles may either be embedded in some transparent
material or layered on a dark surface. Their importance here lies in the fact that, with
the finite time delay between absorption and emission, the incident photon has, clearly,
been absorbed in the same way as in a normal experiment, where a screen of broadband
CCDs is used or, for that matter, a photographic plate. In particular, it is important for
us that the excitation of a photoluminescent particle constitutes the particle detection
of an incident photon. The observed interference pattern can then only be due to the
photons that have the right energy to excite a photoluminescent particle into its higher
energy level. Thus, the measured temporal coherence, as obtained from the extent of the
interference, would be for this subset of photons in the incident continuum radiation,
i.e., for just those photons having an energy in the range, Es ± ∆Ed, where Es is
the energy difference between the unexcited and excited levels of the photoluminescent
particles and ∆Ed is the width of the energy range over which a transition can occur.
Furthermore, if necessary, one could also cool the detection screen to bring ∆Ed closer
to the natural width of the transition.
For the test source, the continuum radiation from a hot dense gas or plasma
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should prove particularly effective. The photons’ temporal coherence from such a
source would be dominated by collisional broadening. Provided the constraint of Eq. 3
is met, this would be observable in the resulting interference pattern. The test is
further strengthened by increasing the pressure whilst keeping the source at constant
temperature, whereby fewer fringes should then be seen due to the shorter temporal
coherence caused by the increased rate of collisions in the gas/plasma. Also, of course,
there will be a need to compare the observations with theory. Alternatively, if one were
available, a more appealing source might be that of a clock-triggered photon source.
Although not a continuum source, it would provide a demonstration of the need to
satisfy Eq. 3. And, it does have the advantage of greater control over a source’s photon
temporal coherence.
6. Conclusions
The motivation behind our proposal has been with the quantum mechanical insight
into continuum radiation as a mixture of pure states. For discussing the physical basis
of our proposal, we considered a Young’s double-slit experiment, but with a screen
of small photon detectors that can also measure the energy of the absorbed photon.
The photon temporal coherence is then given by the extent of the interference in the
pattern formed by the positions of just those detections of a photon with the particular
energy of interest, Es. We showed in Sec. 2 the empirical basis for such measurements
and, in particular, how its potential is, actually, already apparent in the single photon
interference experiments [5–9].
Using a detection screen with the ability of selecting out just detections of a
particular energy is, of course, a form of filtering. But, it is a filtering process that
is radically different from that of an optical filter. With an optical filter, the filter
is placed in the path of the radiation, crucially, altering the photon’s wave function
before it undergoes absorption by the photon detector. Whereas with our setup the
radiation is allowed to continue to the detection screen as normal and the filtering done
through registering, after photon detection, only the detections for the particular energy
of interest. To differentiate it from normal optical filters, we have, thus, called this form
of filtering a detections filter.
As we have pointed out, the development of the technique we propose here would be
a welcome additional observational tool for astronomy. For example, in the case of solar
radiation, a coherence time of ∼ 10−8 secs is generally expected. Interestingly, Smid
(2006) [20] proposes a model in which the photons in the sun’s radiation is calculated to
have a coherence time of ∼ 10−12 secs. Clearly, this has implications for the mass density
at the base of the photosphere. For a more distant prospect, the temporal coherence
of the photons in the cosmic microwave background would be exciting, especially since
they originate from electron-positron annihilation during the ‘annihilation era’, when
the Universe was still just ∼ 10 secs old. It could even be used to estimate the relative
redshifts between two sources if it was thought that the physics of both sources were the
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same or, perhaps more essentially, to test this for similar sources at the same redshift.
Generally, the technique holds out the promise of a new and rich vein of astronomical
observations for exploring the physics of distant sources.
It would, clearly, also be a useful complementary tool to those already in use
in the laboratory and in industry, both as one for testing theoretical calculations, as
well as its use as a diagnostic tool. For fundamental physics, it would provide a new
means of experimentally examining the nature of continuum radiation. Interestingly, the
observation of plasmas and gases in the laboratory would be useful for astronomy too,
not only in providing confidence in theoretical calculations, but, even more directly,
when there is the possibility of replicating an astronomical source in the laboratory.
Finally, we note that we have just concentrated here on the photon temporal coherence.
Obviously, there will be further information about the source in the visibility of these
energy selected interference patterns, i.e., in the form of their envelopes.
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